Deoxygenation elevates glycolytic flux and lowers pentose phosphate pathway (PPP) activity in mammalian erythrocytes. The membrane anion transport protein (band 3 or AE1) is thought to facilitate this process by binding glycolytic enzymes (GEs) and inhibiting their activity in an oxygen-dependent manner. However, this regulatory mechanism has not been demonstrated under physiological conditions. In this study, we introduce a 1 H-13 C NMR technique for measuring metabolic fluxes in intact cells. The role of band 3 in mediating the oxygenated/deoxygenated metabolic transition was examined by treating cells with pervanadate, a reagent that prevents the GE-band 3 complex from forming. We report that pervanadate suppresses oxygen-dependent changes in glycolytic and PPP fluxes. Moreover, these metabolic alterations were not attributable to modulation of bisphosphoglycerate mutase, direct inhibition of GEs by pervanadate, or oxidation, which are the major side effects of pervanadate treatment. These data provide direct evidence supporting the role of band 3 in mediating oxygen-regulated metabolic transitions.
H
uman erythrocytes circulate between the lungs and peripheral tissues approximately every minute, exposing the cells to rapidly changing metabolic demands (1) . In the lungs, where O 2 partial pressures are high, erythrocytes are exposed to oxidative stresses that must be controlled by accelerated production of reducing equivalents derived from the pentose phosphate pathway (PPP). In the peripheral tissues, where O 2 pressures are low, erythrocytes must pass through capillaries much smaller than their own diameters (2) , causing the cells to distort as they flow from the arterioles to the postcapillary venules. The resulting mechanical stresses induce cation leaks (3) that create an enhanced demand for glycolytically derived ATP to restore intracellular ion balances. Several layers of metabolic regulation allow erythrocytes to match ATP, NADH, and NADPH production with fluctuations in oxidative stress and ion leakage. One of these mechanisms is oxygen-dependent control of glycolytic and PPP activity.
Historically, oxygen-dependent metabolic regulation has been attributed to alterations in pH, classical allosteric mechanisms, and demand for ATP (4) (5) (6) (7) (8) . However, experimental evidence indicates that these metabolic regulators operate independently from oxygen tension (9) , suggesting that the models are incomplete. An alternative mechanism, which is supported by a growing body of evidence, argues that erythrocyte metabolism is regulated through the oxygen-dependent assembly of glycolytic enzymes (GEs) into inhibitory complexes on the membrane anion exchange protein (band 3 or AE1). Although several lines of indirect evidence support this hypothesis, the GE-band 3 model has not been demonstrated in intact cells.
Early evidence for band 3-dependent glycolytic regulation was derived from in vitro binding assays, which showed that purified fragments of the membrane anion exchange protein (band 3 or AE1) interact with several GEs (10) (11) (12) (13) . Although debate subsequently emerged over the in vivo significance of these data (14) , it is now clear that phosphofructokinase, aldolase, and GAPDH bind to band 3 in intact cells (15) . A variety of band 3-specific perturbations have been shown to disrupt the GEband 3 interaction; GEs are readily displaced from the membrane by antibodies to the amino terminus of band 3 and by phosphorylation of band 3's tyrosine residues (15) . Furthermore, peptide fragments of band 3's GE binding site compete with native band 3 for GEs in resealed cells (16) , and transgenic mice lacking band 3 exhibit no membrane-associated GEs (16) .
Several indirect lines of evidence suggest that GE-band 3 interactions act as an oxygen-dependent metabolic regulator. Whereas oxyHb has no affinity for band 3, deoxyHb binds to the GE site on band 3 with high affinity (17) . Consequently, competition between deoxyHb and GEs causes GEs to be released from membrane upon deoxygenation (15) . Deoxygenation also triggers higher glycolytic flux and reduced PPP activity in intact erythrocytes (18) (19) (20) (21) . This observation is significant in that purified fragments of band 3's cytoplasmic tail reduce the in vitro catalytic activity of GEs (10) (11) (12) . Together, these studies suggest that the lower glycolytic fluxes observed in oxygenated erythrocytes result from catalytic inhibition of GEs via the GE-band 3 interaction, whereas elevated glycolytic fluxes of deoxygenated erythrocytes result from deoxyHb displacing GEs from their inhibitory site on band 3.
Although the GE-band 3 model is commonly used to explain oxygen-dependent metabolic phenomena in RBCs (22) , the model has not been convincingly demonstrated in intact cells. To date, only two publications have tested the band 3 model directly. The first, by Messana et al. (19) , showed that red cells treated with 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid (DIDS), a covalent inhibitor of band 3-mediated anion transport, exhibit altered PPP activity. However, Messana et al. ' s study did not demonstrate any effect of DIDS on GE-band 3 interactions nor did it control for the effects of DIDS on intracellular pH, membrane skeletal interactions (23) , or ion concentrations. The second article, by Kinoshita et al. (24) , showed that computer models of red cell metabolism are consistent with band 3-mediated metabolic regulation (24) , but it provided limited experimental evidence to support their computations.
In this study, we introduce a 1 H-13 C NMR technique for quantifying metabolic pathway flux in intact cells. We examine the metabolic consequences of disrupting the GE-band 3 interaction in intact cells by stimulating tyrosine phosphorylation on band 3 with pervanadate. Pervanadate disrupts the GE complex by inducing phosphorylation of the two tyrosines (Y8 and Y21) that are located within the GE binding site on band 3 (25, 26) . We report that oxygenated RBCs treated with pervanadate have increased glycolytic flux, reduced pentose shunt activity, and are metabolically unresponsive to deoxygenation. These findings are consistent with the band 3-mediated metabolic regulatory model and suggest that the GE-band 3 complex plays a direct role in regulating glycolytic and pentose shunt fluxes of intact erythrocytes.
Results
We hypothesized that pervanadate-induced disruption of the GE-band 3 complex would stimulate glycolytic flux in oxygenated RBCs and prevent cells from responding metabolically to changes in oxygen tension. To test this hypothesis, we incubated pervanadate-treated erythrocyte suspensions in isotopically enriched glucose and measured the concentrations of isotopically enriched metabolites over a 12-h time course. Oxygendependent metabolic regulation was monitored by conducting the isotopic labeling experiments under both oxygenated and deoxygenated conditions. Concentrations of 13 C-labeled metabolites were measured by 1 H and 1 H- 13 C NMR (Fig. 1) , and metabolic fluxes were calculated by regressing observed concentrations as a function of incubation time ( Fig. 2 and Table 1 ).
Untreated erythrocytes were used to validate our analytical technique and served as a negative control for pervanadate treatment. As has been shown elsewhere (21) , glycolytic fluxes of untreated controls differed significantly between oxygenated and deoxygenated conditions. Deoxygenated controls showed higher rates of glucose uptake, 2,3-bisphosphoglycerate (2,3-BPG) flux, lactate production, and pH change than oxygenated controls (Fig. 2) . Overall, glycolytic fluxes of deoxygenated controls were 41% (P Ͻ 0.001) higher than oxygenated samples. This effect was replicated in two independent pools of blood that were collected and analyzed on different dates. Although some variation in glycolytic fluxes was observed between the two studies, observed kinetics were consistent within the range of values reported in similar studies (19, 21, 27) (Table 1 ).
In contrast to the normal metabolic responses observed in untreated controls, pervanadate-treated samples showed significant alterations in oxygen-dependent metabolic regulation. Under oxygenated conditions, pervanadate-treated samples showed higher rates of glucose uptake, lactate production, and pH change than untreated controls (Table 1) . On average, glycolytic fluxes of pervanadate-treated samples were 45% higher (P Ͻ 0.001) than their corresponding oxygenated controls. In contrast, rates of glucose uptake and lactate production observed in deoxygenated pervanadate-treated samples did not differ significantly from deoxygenated controls (Fig. 3) . The 45% increase in glycolytic flux of oxygenated pervanadatetreated samples, in combination with the negligible alterations to deoxygenated flux, reversed the normal oxygen-dependent metabolic response of red cells. Whereas untreated controls showed higher glycolytic activity under deoxygenated conditions, pervanadate-treated samples were more glycolytically active under oxygenated conditions (Fig. 3) .
Band 3-dependent metabolic regulation has primarily been studied in the context of glycolysis. However, glycolytic inhibition by the GE-band 3 complex could stimulate PPP flux by making more substrate available to the pentose shunt (19, 28) . To determine the role of the GE-band 3 complex in regulating PPP flux, cell suspensions were incubated with 2-13 C-glucose for 12 h. PPP fluxes were calculated from the positional isotopic enrichment of lactate observed in 1 H NMR spectra of cell extracts. In accordance with previous studies (18, 19, 21) , pentose shunt flux accounted for 6% of total glucose consumption in oxygenated controls, but only 3% in deoxygenated controls (51% decrease; P ϭ 0.013; Table 1 ). As expected, methylene blue, a traditional positive control for pentose shunt stimulation, increased pentose shunt activity to 21% of total incoming glucose (P Ͻ 0.001 relative to untreated samples). We predicted that pervanadate-induced disruption of the GE-band 3 complex would shift metabolic flux toward glycolysis and thus diminish PPP flux under oxygenated conditions. Positional isotopic enrichment data supported this prediction (Fig.  3) . Under oxygenated conditions, pervanadate decreased pentose shunt activity by 66% (P ϭ 0.022). Similar to the pattern observed in glycolytic fluxes, pervanadate-induced metabolic alterations were most pronounced under oxygenated conditions. Whereas deoxygenation induced a significant (P ϭ 0.013) reduction in the PPP activity of control samples, pervanadatetreated samples showed no significant differences (P ϭ 0.13) between oxygenated and deoxygenated conditions.
HEPES
In addition to the metabolic alterations predicted in the GE-band 3 model, pervanadate elicited two detectable side effects: a complete absence of 2,3-BPG and elevated production of pyruvate and alanine. Both pervanadate-induced disappearance of 2,3-BPG and elevated pyruvate production have been previously attributed to phosphatase activity by bisphosphoglycerate mutase (27) . Elevated alanine production has not been reported in conjunction with pervanadate treatment, but pyruvate and alanine are readily interconverted via aminotransferases (29) . Isotopically enriched pyruvate and alanine were detected in untreated erythrocytes, although observed biosynthetic rates were considerably lower in untreated controls than in pervanadate-treated samples (Table 1) . NMR analysis of the incubation medium indicated that these metabolites were accumulating extracellularly (Fig. S1) . When expressed as a fraction of total carbon output, pyruvate and alanine accounted for 6% and 2% in oxygenated and deoxygenated controls, respectively. In contrast, the glycolytic side products accounted for 5% of the total carbon output in pervanadate-treated samples, regardless of their oxygenation state.
Enzymatic activity by NADH-dependent methemoglobin reductase is a band 3-independent effect that could contribute to increased glycolytic fluxes observed in pervanadate-treated samples. The mechanism for oxidation of oxyhemoglobin to methemoglobin involves an electron transfer between the heme iron and the bound O 2 (30) . CO can be used to inhibit the formation of methemoglobin and thereby suppress demand for NADHdependent methemoglobin reductase. To control for effects on methemoglobin reductase activity, rates of glucose consumption in pervanadate-treated and untreated samples were measured in washed erythrocytes incubated in CO, air, and argon. Samples incubated in carbon monoxide showed no significant differences in glucose consumption when compared with samples incubated in air (Fig. S2 ). As expected, glycolytic rates for samples incubated in air and argon matched our previously observed rates (Fig. 3 versus Fig. S2 ). Therefore, methemoglobin reduction cannot account for the metabolic effects observed in pervanadate-treated samples.
Discussion
Considerable indirect evidence has accumulated in support of the GE-band 3 model (31, 32) . However, the practical challenge of disrupting the GE-band 3 complex and measuring metabolic fluxes in intact cells has prevented the GE-band 3 model from being convincingly demonstrated. In this study, we took advantage of a 1 H- 13 C NMR strategy for measuring metabolic fluxes in intact cells (Fig. 1) to investigate the metabolic consequences of disrupting the GE-band 3 complex under physiologically relevant conditions. The GE-band 3 model (Fig. 4) predicts that pervanadateinduced disruption of the GE-band 3 complex will release catalytic inhibition of the GEs and thereby stimulate glycolytic flux and reduce PPP flux. Indeed, oxygenated pervanadatetreated samples had 45% higher glycolytic fluxes and 66% lower pentose shunt fluxes than controls. Moreover, pervanadateinduced metabolic alterations were specific to oxygenated samples: metabolic fluxes of deoxygenated samples did not differ significantly between controls and pervanadate-treated samples. This result was expected because the GE-band 3 complex forms only under oxygenated conditions. The asymmetric effects of pervanadate on oxygenated, but not deoxygenated, samples resulted in an oxygen-insensitive metabolic condition. In contrast, untreated controls were highly responsive to alterations in oxygen tension.
Although both the glycolytic and PPP flux data support the GE-band 3 model, pervanadate has several known side effects that must be addressed. Pervanadate and orthovanadate inhibit several GEs (33) . However, our data indicate that that the pervanadate concentrations used in this study were insufficient to influence glycolytic and pentose shunt fluxes directly. Direct inhibition of GEs by pervanadate lowers glycolytic flux (34), whereas we observed increased glycolytic flux in oxygenated samples treated with pervanadate. In addition, direct inhibition of GEs by pervanadate is an oxygen-independent phenomenon, whereas the pervanadate-induced metabolic alterations observed in this study selectively affected oxygenated erythrocytes. Moreover, the pervanadate concentrations used in this study have been shown to have little effect on GE activities in vitro (35) . Thus, we conclude that any direct inhibitory effects of pervanadate in this study were secondary to pervanadateinduced disruption of the GE-band 3 complex. The complete absence of 2,3-BPG and the elevated pyruvate/ alanine production we observed in pervanadate-treated samples are band 3-independent effects of pervanadate that have been reported elsewhere (27) . The disappearance of 2,3-BPG and elevated pyruvate production are both thought to originate from pervanadate-induced stimulation of the phosphatase activity of bisphosphoglycerate mutase (27) . In contrast to previous reports, which have implicated 2,3-BPG in glycolytic regulation (36) , our data show no correlation between 2,3-BPG levels and glycolytic fluxes. Under deoxygenated conditions, we observed nearly identical fluxes between untreated controls and pervanadate-treated samples. This finding indicates that pervanadateinduced alterations in 2,3-BPG concentrations did not significantly alter the observed metabolic fluxes.
Another side effect of pervanadate that could influence glycolytic and pentose shunt fluxes relates to its activity as an oxidizing agent. Two of the most conspicuous metabolic effects of oxidation in erythrocytes are increased PPP flux and elevated NADH-dependent methemoglobin reductase activity. However, we observed a 66% decrease in PPP activity of pervanadatetreated samples and incubating samples in carbon monoxide, an inhibitor of methemoglobin formation, had no significant effect on glycolytic activity (Fig. S2) . Although the elevated pyruvate/ alanine production we observed in pervanadate-treated samples could be attributed to methemoglobin reductase activity, pervanadate-induced pyruvate production was only 5% of the total carbon output and has been previously attributed to 2,3-BPG degradation (27) . The low production of pyruvate/alanine relative to total carbon output, negligible effects of carbon monoxide, and lack of a substantial PPP response argue that pervanadate-induced oxidation was relatively minor in this study.
In summary, our findings provide direct evidence for in vivo regulation of oxygen-dependent metabolic flux via the formation and dissociation of the GE-band 3 complex. Pervanadateinduced disruption of the GE-band 3 interaction in intact cells elicited glycolytic and pentose shunt fluxes similar to those found in deoxygenated erythrocytes. Samples that were treated with pervanadate were unable to respond to changes in oxygen tension, whereas untreated controls were highly responsive. Although pervanadate has several known metabolic side effects, these side effects do not appear to be responsible for our results. In contrast, all of the observed glycolytic and pentose shunt flux data were consistent with the GE-band 3 model. These findings suggest that the GE-band 3 complex plays a direct role in regulating oxygen-dependent changes in glycolytic and pentose shunt fluxes of intact erythrocytes.
Materials and Methods
Preparation of RBCs for Metabolic Studies. Fresh blood was collected by venipuncture from healthy human volunteers (n ϭ 6), and erythrocytes from each donor were isolated and washed three times in isotonic Hepes buffer (Table S1 ). Washed erythrocytes were pooled and resuspended at 20% hematocrit in Hepes buffer containing 20 IU/mL penicillin/streptomycin, after which separate aliquots of the suspension were treated as follows. To stimulate phosphorylation of band 3, erythrocytes were incubated at 37°C for 30 min with 0.5 mM pervanadate (premixed final concentration of 1.5 mM Data are expressed as mean Ϯ SD in mol/h per mL RBC. Pentose shunt and general flux studies were conducted on independent pools of blood. In pentose activity studies, samples were labeled with 2C-13 C glucose and analyzed by 1 H NMR. In general flux studies, samples were labeled with U-13 C glucose and analyzed by 1 H-13 C NMR. *PC expresses the fraction of incoming glucose used to produce pentose-derived glyceraldehyde-3-phosphate; metabolic fluxes for various points in the pentose shunt can be calculated by multiplying PC by the glucose uptake rate and adjusting for the appropriate stochimetry. † No 2,3-BPG production was observed in pervanadate-treated RBCs. ‡ Rates of pyruvate and alanine production include extracellular accumulation of these metabolites.
hydrogen peroxide and 0.5 mM sodium orthovanadate) via established methods (37) . For maximal stimulation of pentose phosphate shunt activity, a separate aliquot of cells was similarly treated with 6.7 M methylene blue (18 -21) . For measurement of metabolism in control cells, a third suspension was treated with the same volume of Hepes buffer and then incubated similarly.
Deoxygenated RBCs were prepared by placing small volumes of RBC suspensions in high-volume containers (e.g., 20 mL of suspension in a 250-mL plastic bottle). Containers were fitted with rubber septa, placed on their sides, and gently agitated on a rocking table to maximize the exposed surface area of the suspensions. The agitating suspensions were deoxygenated for 2 h under a continuous stream of humidified argon. All red cell preparations, except the 30-min incubation required for pervanadate-induced phosphorylation of band 3, were conducted in a 4°C cold room to minimize metabolic activity.
Isotopic Labeling. We used two isotope-based strategies for measuring metabolic flux. PPP activity was calculated from the steady-state positional isotopic enrichment of lactate produced by cells incubated with 5 mM 2-13 C-glucose (Isotec 310794). Although this strategy is a well-established method for calculating pentose shunt activity (18, 21) , the resulting mixture of isotopomers complicates flux analysis in other pathways. For general metabolic analyses, including measurements of glucose uptake, lactate production, and flux through the 2,3-BPG shunt, we incubated cells with 5 mM U-13 C-glucose (Isotec 389374) and monitored the resulting concentration of 13 C-labeled metabolites over time. For general flux analysis, washed RBC pools containing 5 mM U-13 C-glucose were split into 12 samples consisting of control (oxygenated n ϭ 3; deoxygenated n ϭ 3) and pervanadate-treated samples (oxygenated n ϭ 3; deoxygenated n ϭ 3). At time 0, RBC suspensions were transferred from 4°C to a 37°C warm room. Aliquots (1 mL) of each sample were then harvested after 0, 1.5, 3, 6, and 12 h of incubation. Each aliquot was flash-frozen in liquid nitrogen and stored at Ϫ80°C until sample extraction. Sample preparation methods for PPP activity experiments were the same as those used for the general flux studies with the exceptions that cells were incubated with 2-13 Cglucose and methylene blue-treated RBC suspensions (n ϭ 3) were added as an additional control.
Sample Extraction and Preparation of Standards.
Isotopically labeled samples were suspended in a boiling water bath for 7.5 min to lyse cells and halt enzymatic activity. Boiled lysates were spun at 16,000 ϫ g to pellet cellular debris, and an 800-L aliquot of each supernatant was dried in a SpeedVac Concentrator (Thermo Scientific). Each resulting metabolite residue was suspended in 800 L of NMR analytical solution A [D2O containing 500 M NaN3 and 500 M 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS)]. Concentration reference solutions containing equimolar (at 2, 5, and 10 mM) glucose, lactate, 2,3-BPG, pyruvate, and alanine were prepared from weighed pure standards (Sigma) dissolved in Hepes-buffered saline (Table S1 ) prepared in D2O. Each of the three reference solutions was titrated to an observed glass electrode pH of 7.40 by adding deuterated acid (DCl) or base (NaOD) as needed.
NMR Spectroscopy. NMR spectroscopy was conducted at the National Magnetic Resonance Facility at Madison, WI. 1D 1 H and 2D 1 H-13 C heteronuclear single quantum coherence (HSQC) spectra were collected on a Varian 600-MHz spectrometer equipped with a cryogenic probe. The pulse sequence used to collect 1 H NMR spectra consisted of a 1-s initial delay followed by a 90°pulse and a 2-s acquisition time (32,000 data points). Each 1 H spectrum was collected in four transients with four steady-state transients. Sensitivity-enhanced 1 H-13 C HSQC spectra were collected in four transients with 16 steady-state transients, 256 increments, a carbon spectral width of 70 ppm, an acquisition time of 300 ms (3,000 data points), and an initial delay of 1 s. 1D and 2D timedomain datasets were Fourier-transformed, phased, and chemical shiftreferenced to DSS. HSQC spectra were processed with a shifted exponential sine bell widow function in both the direct and indirect dimensions. All data processing was done automatically by using custom nmrDraw (38) scripts written in-house.
Assigning Metabolites and Calculating Concentrations. We have recently developed methods for identifying (39) and accurately quantifying (40) metabolites in complex solutions by using multidimensional 1 H-13 C NMR. These methods were developed to mitigate the significant disadvantages associated with 1D NMR analyses of unfractionated biological extracts. Historically, metabolic flux analyses have primarily relied on 1D NMR (18, 21, (41) (42) (43) . The use of this technique has limited both the number of metabolites that can be monitored and the quantitative reliability of experiments (40) . The methods presented here are a metabolic flux adaptation of our fast metabolite quantification strategy (40) and can be adapted to any 13 C-based metabolic flux study.
Metabolites observed in 1 H-13 C NMR spectra were identified by comparing peak lists from experimental spectra to peak lists from spectra of model compounds collected by the Madison Metabolomics Consortium (39) . All assignments were verified by overlaying spectra of pure standards over the spectrum of a representative extract. Peak intensities (area for 1D spectra; peak height for 2D spectra) of dispersed signals from each metabolite (Fig. 1) were normalized to the average Hepes signal to minimize error associated with sample handling. NMR spectra of three equimolar mixtures of pure standards (2, 5, and 10 mM for each metabolite) were used to generate calibration curves for relating observed metabolite intensities to molar concentrations. Metabolite signals observed in the RBC extracts were then quantified by using the regression coefficients from the calibration curves.
Determination of Sample pH by NMR. The 1 H NMR chemical shifts of several
Hepes signals are sensitive to pH and thus can be used as an internal pH indicator. Chemical shifts of Hepes were measured in each sample by 1 H- 13 C HSQC (Fig. 1) and were converted to pH by fitting a titration curve to the observed shifts (Fig. S3) . The Hepes titration curve was generated from samples of the Hepes-buffered saline solution (Table S1 ) prepared in D 2O and hand-titrated to uncorrected glass electrode readings ranging from 5.5 to 10.5. NMR spectra were collected at the National Magnetic Resonance Facility at Madison.
Calculating Pentose Shunt Flux. Several publications (18, 21) discuss the methods for calculating pentose shunt flux from differential isotopic enrichment in the C2 and C3 positions of lactate after a pulse with 2-13 C-glucose. Briefly, isotopic enrichment in the C3 position of lactate is indicative of pentose shunt activity, whereas C2 enrichment is indicative of glycolytic flux. The fraction of incoming glucose used to produce pentose-derived glyceraldehyde-3-phosphate (PC) can be calculated from 13 C enrichment in the C3 and C2 positions of lactate by using a model initially developed for radioisotope analyses (44) that has since been modified for NMR (18, 21) Our method for determining 13 C enrichment differs slightly from that presented by Delgado et al. (18) . As in Delgado et al.'s work, we measured isotopic enrichment from 13 C coupling detected by 1 H NMR. However, Delgado et al. measured enrichment in both the C2 and C3 positions of lactate from the methyl signal of lactate. This approach requires curve fitting to deconvolve the overlapped signals of unlabeled and 2-13 C lactate. To avoid curve fitting, we measured C2 enrichment directly from the dispersed methine signal of lactate. All other calculations, including the correction for naturally occurring 13 C, were carried out as described by Delgado et al.
Regression Analyses and Statistics. Rates of glucose consumption, lactate production, and flux through 2,3-BPG were based on linear regression of U- 13 C metabolite concentrations as a function of time. Glucose consumption and lactate production estimates were based on all of the time points. Isotopic labeling kinetics in 2,3-BPG are nonlinear because 2,3-BPG is a pathway intermediate and steady-state concentrations of 2,3-BPG are affected by changes in pH (4). Consequently, 2,3-BPG flux estimates were based on the initial labeling rates observed between the 0-and 1.5-h time points. Standard deviations of the labeling kinetics reflect variation of regression coefficients between sample replicates. All of the P values presented are derived from a two-tailed equal variance t test.
